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M A T E R I A L S  S C I E N C E

A biopolymer hydrogel electrostatically reinforced by 
amino-functionalized bioactive glass for accelerated 
bone regeneration
Xinxin Ding†, Junyu Shi†, Jianxu Wei, Yuan Li, Xiangbing Wu, Yi Zhang, Xue Jiang, 
Xiaomeng Zhang*, Hongchang Lai*

Composite hydrogels incorporating natural polymers and bioactive glass (BG) are promising materials for bone 
regeneration. However, their applications are compromised by the poor interfacial compatibility between organic 
and inorganic phases. In this study, we developed an electrostatically reinforced hydrogel (CAG) with improved 
interfacial compatibility by introducing amino-functionalized 45S5 BG to the alginate/gellan gum (AG) matrix. BAG 
composed of AG and unmodified BG (10 to 100 m in size) was prepared as a control. Compared with BAG, CAG 
had a more uniform porous structure with a pore size of 200 m and optimal compressive strength of 66 kPa. 
Furthermore, CAG promoted the M2 phenotype transition of macrophages and up-regulated the osteogenic gene 
expression of stem cells. The new bone formation in vivo was also accelerated due to the enhanced biomineralization 
of CAG. Overall, this work suggests CAG with improved interfacial compatibility is an ideal material for bone regen-
eration application.

INTRODUCTION
Bone defects are typically observed in patients with severe trauma, 
osteitis, or bone tumors. Prolonged hospitalization and increased 
financial burden both pose a great burden to patients (1). However, 
the efficient repairing of bone defects is still a challenging issue for 
clinicians (1). With the advancement of material science, researchers 
have increasingly focused on developing new biomaterials to enhance 
bone regeneration (2). Natural biopolymer-based hydrogels have 
received particular consideration due to their outstanding biocom-
patibility and biodegradability (3). Among various natural polymers, 
negatively charged alginate and gellan gum (AG) exhibited good 
potential for clinical applications because they are economically 
available and easily gelled by adding low concentration of mono- or 
multivalent cations, such as calcium ions (4). Hydrogels composed 
of AG have been shown to induce satisfactory osteogenesis (5). The 
porous structure of AG exhibited structural similarity with natural 
bone tissue and provided enough space for early cell attachment and 
osteogenic differentiation (5).

Although several studies have demonstrated the advantages of 
AG in promoting osteogenesis in vitro as mentioned above (3–5), 
the mechanical properties of pure hydrogels are usually insufficient 
for bone defect repairing in vivo (6). Moreover, the osteogenic ac-
tivity of hydrogels is also limited due to the lack of growth factors 
(6). Alternatively, the development of composite hydrogels by in-
corporating inorganic particles can largely avoid the disadvantages of 
pure hydrogels (7). Bioactive glass (BG) has been increasingly applied 
as an inorganic component in composites due to its bone bonding 
ability and osteogenic and angiogenic properties (8). The first de-
veloped BG, 45S5 Bioglass [45% SiO2, 24.5% Na2O, 24.5% CaO, and 

6% P2O5, in weight % (wt %)] was developed by Hench et al. and has 
been commercially used for orthopedic and dental treatment (9). 
The incorporation of 45S5 BG to hydrogels has been demonstrated 
to substantially enhance the mechanical strength and osteogenic ac-
tivity of natural polymer-based hydrogels (10). However, poor 
interfacial compatibility has been reported between the polymer 
matrix and inorganic particles, which may lead to the disturbed sep-
aration of BG in composite hydrogels and consequently affect their 
properties (e.g., stability and mechanical behavior) (11). Most studies 
focused on developing new types of organic or inorganic components 
to acquire enhanced osteogenesis (12, 13). Few efforts have been 
dedicated to improve the interfacial compatibility between BG and 
polymer matrices (14).

One approach to address this issue is to develop hybrid hydro-
gels by establishing interfacial bonds between different phases (15). 
Synthesis of hybrids with covalent interfacial bond is complex (16). 
It is also a challenge to incorporate essential ions for osteogenesis 
into the covalent network (16). Thus, noncovalent cross-linking 
between inorganic fillers and matrices is probably a more practical 
method for clinical applications. In a previous study, Lee et al. (17) 
attempted to establish electrostatic bonds between anionic polymer 
matrices and cationic silica nanoparticles to prepare a bioprinting 
hybrid. This hydrogel showed superior structural integrity and 
interfacial compatibility without sacrificing original properties of 
each component (17). Inspired by this, the formation of electrostatic 
interaction between polymer matrices and BG may be an ideal way 
to obtain composite hydrogels with improved interfacial compati-
bility. Notably, although pure BG particles are negatively charged, a 
preliminary research indicated that amino-modified BG (NBG) are 
positively charged particles which are easily obtained and showed 
better osteogenic ability than nonfunctionalized BG (18, 19).

Hence, in the present study, an electrostatically reinforced hydrogel 
(CAG) composed of cationic NBG (45S5 composition) and anionic 
AG was synthesized. Interfacial compatibility was improved by form-
ing electrostatic interactions between organic and inorganic phases. 
The gelation network of hydrogels was subsequently enhanced by 
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ionic cross-linking using calcium ions, as shown in Fig. 1. For a 
control, BAG was fabricated by mixing nonfunctionalized BG and 
AG. Although composite hydrogels formed by electrostatic interac-
tion have been reported before, the aim of their study was dedicated 
to create a self-assembled gelation network and obtain hydrogels 
with enhanced shear-thinning or self-healing ability (20, 21). To the 
best of our knowledge, the present study is the first attempt to com-
prehensively compare the different physiochemical properties and 
osteogenic behavior between composites with improved interfacial 
compatibility (CAG) and normal composites (BAG). The objectives 
of this study were to (i) form the CAG hydrogel by forming electro-
static interactions between NBG and AG, (ii) characterize and com-
pare the physiochemical properties of hydrogels, and (iii) investigate 
the bone regeneration ability of different hydrogels.

RESULTS AND DISCUSSION
Detection of the interfacial interaction in CAG
The preparation of NBG and CAG was shown in Fig. 2A. In con-
trast to BAG, which was obtained by physical mixing of compo-
nents, CAG was designed to be an electrostatically reinforced 
hydrogel with interfacial interaction between phases. The amino 
groups on NBG surface were expected to react with the carboxyl 
groups on polymer chains through electrostatic interaction (Fig. 2A) 
(22). X-ray photoelectron spectroscopy (XPS) and zeta potential 
test were used to investigate the presence of electrostatic interaction 
in CAG. The grafted amino groups on NBG were first detected by 
XPS. As shown in Fig. 2B, the spectrum of N1s in NBG was de-
convoluted into two components, –NH2 (399.93 eV) and –NH3

+ 
(401.00 eV), suggesting the successful synthesis of NBG with a 
positive surface (23). A zeta potential test was further conducted 
to confirm the appearance of electrostatic interactions in CAG 
(Fig. 2C). The pure polymer matrix in AG was negatively charged, 
whereas the inorganic NBG exhibited a positive charge. The combi-
nation of polymer matrix with NBG may have induced the electro-
static attraction in CAG (22).

Structural analysis of hydrogels
Representative Fourier transform infrared (FTIR) spectra for AG, 
BAG, and CAG are shown in Fig. 2D. The AG spectrum had char-
acteristic bands of polysaccharides, e.g., 1305 and 939 cm−1 (C─O 
stretching), 1147 cm−1 (C─C stretching), 1010 cm−1 (C─O─C 
stretching), and a shoulder at 1074 cm−1 (C─C and C─O stretching) 
(24). Moreover, bands at 1596 and 1429 cm−1 corresponded to the 
carboxyl group, and a wide stretching peak at 3368 cm−1 was as-
signed to the −OH group (25) For BAG and CAG spectra, new bands 
located at 480, 821, and 1078 cm−1 were attributed to the Si─O─Si 
group (26). The wider stretching peak at 3222 to 3388 cm−1 in CAG 
was probably due to the presence of amino groups on NBG (27). 
X-ray diffractometer (XRD) analysis was used to detect potential 
crystalline phases in hydrogels. As shown in Fig. 2E, the XRD pat-
terns of AG and BAG both exhibited a broad peak centered at ∼30° 
(2), suggesting the amorphous state of polymers and BG compo-
nent. However, CAG showed distinct apatite peaks at 31.56°, 45.54°, 
and 56.46°, which was probably due to the formation of semicrystalline 
hydroxyapatite (HA) during the in situ preparation of CAG. The 
superior bioactivity of NBG may promote the formation of HA on 
CAG. Compared with the Si─OH groups on BG, the amino groups 
on NBG have a stronger electrostatic interaction ability with the cal-
cium and phosphate components in solution, which facilitates their 
use as nucleation points for HA mineralization in the in situ prepa-
ration of CAG (28). The formed crystallized apatite phase in CAG 
made the hydrogel osteoinductive at an early time (28).

To understand the effect of particles on the hydrogel micro-
structure, the morphologies of BG and NBG were firstly de-
tected using a scanning electron microscope (SEM). As shown in 
Fig. 2 (F and G), the particle size of commercial BG (45% SiO2, 
24.5% CaO, 24.5% Na2O, and 6% P2O5, wt %) was variable in a 
range of 10 to 100 m, while the size of NBG was uniform and larger. 
The presence of homogeneous NBG particles may be attributed 
to the synthetic method. More large and uniform particles precipi-
tated during the centrifugal sedimentation of NBG (29). The micro-
structure morphology of hydrogels was further analyzed by detecting 
the cross-sectional images using SEM, as shown in Fig. 3 (A to F). 
The porous surface of AG was smooth, and the pore size was in 
a range of 50 to 100 m (Fig. 3, A and D). The incorporation of 
inorganic particles affected substantially the structural morphology 
of hydrogels. BAG and CAG both exhibited identical three- 
dimensional (3D) porous structure (Fig. 3, B and C). The pore size 
of BAG ranged from 5 to 100 m, which was smaller than that of 
CAG. The pores in CAG were homogenous with a diameter of 
approximately 200 m (Fig. 3C). The relatively larger pores of CAG 
facilitate the rapid vascularization and high oxygenation of CAG 
in vivo, further enhancing bone ingrowth and osseointegration at 
the bone defect site (30). Furthermore, the magnified images 
indicated that NBG was well-separated into CAG (Fig. 3F). The 
homogeneous hydrogel surface suggested the optimal compatibility 
between particles and polymers in CAG (Fig. 3F). In contrast, par-
ticle aggregation was observed on BAG surface (Fig. 3E). The ideal 
microstructure of CAG may probably attributed to the fine scale 
interaction between different phases (31). The electrostatic bonds 
in CAG ensured good regulation of polymer chains and uniform 
dispersion of inorganic particles, further contributing to the homo-
geneous morphology of CAG (31). In contrast, the compressed 
structure of BAG possibly resulted from the agglomeration of BG 
particles in the composite (31).

Fig. 1. Preparation and biomedical application of hydrogels. CAG was fabricated 
by forming electrostatic interaction between cationic NBG and anionic AG. BAG was 
obtained by simply mixing AG and BG component. A rat cranial bone defect model 
was used to detect the biocompatibility and osteogenic activity of hydrogels. Cells 
in CAG exhibited favorable cell spreading, while there was no obvious cell pseudo-
podium observed in BAG. Moreover, bone regeneration was also enhanced in CAG 
compared with BAG. micro–computed tomography (CT).
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Physiochemical properties of different hydrogels
The swelling property is one of the most important physical charac-
teristics of hydrogels. Swollen hydrogels promote substance exchange 
by absorbing nutrients from external environment (6). As shown in 

Fig. 4A, the incorporation of BG significantly decreased the swell-
ing ratio of BAG compared with that of AG (P < 0.05). However, the 
swelling property of CAG was not noticeably affected by the incor-
poration of NBG. CAG shows even greater water retention capacity 

Fig. 2. Structural analysis of synthesized hydrogels. (A) Scheme of the preparation of NBG and CAG. APTMS, (3-aminopropyl) trimethoxysilane. (B) High-resolution 
x-ray photoelectron spectroscopy spectra of N1s in NBG particles. a.u., arbitrary units. (C) Zeta potential of AG, BG, and NBG. (D) Fourier transform infrared spectra of AG, 
BAG, and CAG. (E) X-ray diffractometer patterns of AG, BAG, and CAG. (F) Scanning electron microscopy (SEM) image of BG. (G) SEM image of synthesized NBG.

Fig. 3. Cross-sectional images of different hydrogels using SEM analysis. (A to C) SEM images of AG, BAG, and CAG. (D to F) Magnified images of AG, BAG, and 
CAG. White arrows in (E) and (F) indicate the BG and NBG particles on the hydrogel surface.
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compared to BAG. Fluid retention leads to the relaxation of coiled 
polymer chains and an increase in CAG surface area, facilitating 
cellular infiltration into scaffolds (32). In addition, the enhanced 
swelling capacity of CAG allows for an efficient transport of nutrient 
between the extracellular matrix and the hydrogel (32). Once im-
planted in vivo, cells encapsulated in CAG are able to grow well in a 
nutrient-rich environment (32). However, the swollen state did not 
exist for a long time. Hydrogels degrade after implantation into the 
human body (33). Scaffolds are expected to degrade at a rate com-
patible with tissue regeneration (33). Herein, the degradation be-
havior of hydrogels was studied by detecting the change in gel weight 
over time. As shown in Fig. 4B, AG lost its weight fast in the first 
7 days and reached a platform in the following 28 days. Incorpora-
tion of the inorganic component decreased the degradation rate of 

hydrogels. Notably, CAG exhibited a slower rate of weight loss com-
pared to that of BAG. This phenomenon may be ascribed to the stable 
network of CAG generated by the electrostatic bonds between poly-
mer matrices and inorganic particles (34). The stable degradation 
property allows CAG to maintain the osteogenic space for a long 
time after implanted into the human body which is beneficial for 
osteogenesis (35).

Following degradation, bioactive ions, such as calcium (Ca) and 
silicon (Si), were dissolved from hydrogels and may exert biological 
effects on surrounding cells (36). In the present study, the release 
pattern of Ca2+ was firstly detected by immersing hydrogels in the 
culture medium for 28 days. As shown in Fig. 4C, a burst release 
was observed at the first day for all groups, which was attributed to 
the sufficient ion exchange from hydrogel strands (37). The release 

Fig. 4. Physiochemical properties and the apatite-forming ability of hydrogels. (A) Equilibrium swelling study of hydrogels. (B) Degradation test of hydrogels. 
(C) Concentration of Ca2+ released from hydrogels at 1, 14, and 28 days. (D) Cumulative release of Ca2+ from hydrogels for 28 days. **P < 0.01, ***P < 0.001. (E) Viscosity 
versus temperature measurements of hydrogels. (F) Compressive modulus of hydrogels. * indicates statistically significant difference (P < 0.05) between groups. 
(G) Apatite-forming ability of hydrogels after immersing in simulated body fluid (SBF) for 28 days. Energy-dispersive x-ray spectroscopy (EDX) mapping of Ca in hydrogels 
(A to C). EDX mapping of P in hydrogels (D to F). The white asterisks in (G) (b, c, e, and f) exhibit distinct areas of Ca and P elements.



Ding et al., Sci. Adv. 7, eabj7857 (2021)     10 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 13

continued for longer than 4 weeks with a decreased rate. One reason 
for the slower release may be the formation of apatite layers on the 
BG (38). In addition, the degradative hydrogel absorbed much 
calcium to maintain the stability, reducing the calcium concentra-
tion in solution (38). A quantitative analysis of the cumulative release 
of Ca2+ from hydrogels was shown in Fig. 4D. The value of CAG 
group was significantly higher than that of other groups (P < 0.05). 
The highest amount of calcium released from CAG would substan-
tially improve the microenvironment within the bone defect site 
and promote osteogenic differentiation of progenitor cells (39). The 
release pattern of Ca2+ is a dynamic process. It can be facilitated by 
the degradation of hydrogels and the dissolution of inorganic fillers 
(40), while it can also be consumed due to the formation of apatite 
layers on BG (41). The concentration of Ca2+ in pure BG solution 
could decrease first and then increase due to the deposition of calcium 
phosphate (41). CAG exhibited greater bioactivity than BAG as 
evidenced that semi-HA could already be observed during the 
preparation of CAG hydrogels (Fig. 2E). Therefore, when CAG was 
immersed in the medium for ion release, it was probably already in 
the stage of Ca ion increasing (41). As a comparison, calcium phos-
phate may have just started to deposit on BAG, which could con-
sume some Ca ions. Taking all of the above into account, although 
the degradation rate of CAG is lower than that of BAG (Fig. 4B), 
the enhanced bioactivity of CAG may decrease the Ca consumption, 
leading to the higher Ca concentration in the medium (Fig. 4D). In 
addition, the release of Si ions from BAG and CAG for 14 days was 
shown in fig. S1. The enhanced release of Si from CAG compared 
with BAG was in accordance with a previous study (42). The hydro-
philic property of amino groups on CAG may promote the Si 
release from hydrogels and further improve the osteogenic activity 
of hydrogels (42).

The mechanical properties of hydrogels were further investi-
gated by rheology and compressive strength experiments. Figure 4E 
shows a graphical representation of the temperature-dependent vis-
cosity change. For all samples, the viscosity of hydrogels decreased 
with increasing temperature owing to the thermotropic property 
of gellan gum in AG (43). CAG showed markedly decreased viscos-
ity compared with that of BAG, which was probably due to the 
high surface- to-volume ratio of components in CAG (21). Such a 
low-viscosity polymer solution is considered to be suitable for man-
ufacturing and practical applications (44). An optimal mechanical 
strength is equally necessary for bone regeneration applications. 
Hydrogels with suitable stiffness not only provide a static environ-
ment for tissue regeneration but also influence cellular response at 
the implantation site (45). In this study, the mechanical strength of 
different hydrogels was determined by a compression test (Fig. 4F). 
The result indicates that BAG and CAG exhibited increased com-
pressive moduli relative to that of AG (79 ± 10 kPa and 66 ± 8 kPa, 
respectively). The strength was in the range of 40 to 100 kPa, which 
has been demonstrated to be beneficial for osteogenic differentia-
tion of progenitor cells (45). However, the most favorable stiffness 
for the recruitment of stem cells in vivo has been demonstrated 
to be around 60 kPa in a rat segmental femoral defect model (46). 
Considering this, CAG in the present study is expected to show 
more pronounced osteogenic activity (46). Although the mechanical 
strength of hydrogels here is difficult to resist the external force at 
the load-bearing bone defect sites, these hydrogels can be used as 
bone defect fillers or coating agents for cancellous bone defects 
or low load-bearing bone defects (8). The mechanical strength 

changes of hydrogels should be further followed after implantation 
in vivo (46).

The apatite-forming ability of hydrogels
The apatite-forming ability of different hydrogels was investigated 
by immersing hydrogels in the simulated body fluid (SBF) for 28 days. 
As shown in fig. S2, white mineral particles precipitated on BAG and 
CAG, particularly on CAG. Precise elemental distribution of Ca and 
P was detected by SEM and energy-dispersive x-ray spectroscopy 
(EDX) mapping (Fig. 4G and fig. S2). Increased aggregation of Ca 
and P was observed on CAG compared with that on BAG, suggesting 
the enhanced HA biomineralization ability for CAG. A similar result 
was reported by Zhao et al. (28). The amino-modified BG exhibited 
superior apatite-forming activity compared with that of BG, which 
might be attributed to the strong electrostatic interaction between 
the initial nuclei of HA and amino groups on NBG (28).

Immune response of hydrogels in vitro
The immune response at the defect site should be carefully consid-
ered when developing a new type of bone substitute material (47). 
In this study, the cell migration ability and inflammatory gene 
expression were used to determine the immune response of RAW 
264.7 after hydrogel treatment. Cell migration assay was first 
conducted to observe the interaction between immune cells and 
materials (48). The RAW 264.7 passing through the transwell 
chamber for 24 hours were observed and assessed by cell counting 
(Fig. 5, A, a to d, and B). BAG and CAG showed increased cell 
migration compared with that of control and AG, indicating a suc-
cessful induction of immune response for BAG and CAG (47). The 
expression of M2-macrophage marker (CD206) was subsequently 
analyzed by flow cytometry to identify the macrophage phenotype 
(49). As shown in Fig. 5 (C and D), positive staining of the CD206+ 
cells in CAG was significantly increased compared with that of other 
groups (P < 0.05; Fig. 5D). This strongly proves that CAG promoted 
macrophage polarization toward M2 phenotype more substantially 
than BAG or AG (50). Cytokine secretion was detected by quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR) to 
determine the inflammatory factor release of macrophages after 
hydrogel treatment (51). The expression of tumor necrosis factor– 
(TNF-), interleukin-1 (IL-1), and IL-6 was decreased in CAG 
group compared with those in other groups (P < 0.05; Fig. 5, E to G), 
while the expression of anti-inflammatory cytokine, such as IL-10, 
was increased (P < 0.05; Fig. 5H). In this regard, CAG was con-
sidered to promote the M2 phenotype transition and a local anti- 
inflammatory microenvironment, probably by up-regulating the 
expression of IL-10 and down-regulating the expression of TNF-, 
IL-1, and IL-6 (51).

One reason for the different polarization may be attributed to 
the ion release from hydrogels (52). A previous study indicated that 
calcium concentration in the microenvironment notably affected 
the polarization stage of macrophages (53). The enhanced M2 
polarization in CAG may have resulted from the increased calcium 
concentration surrounding the hydrogel (53). In addition, the suit-
able mechanical strength of CAG also probably had a positive effect 
on the M2 polarization of macrophages through improving the 
cytoskeleton architecture (54). After modulated to M2 phenotype, 
the macrophages in CAG could further recruit repairing cells to the 
implantation site, induce the anti-inflammatory stage, and activate 
the osteogenesis process (55).
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Osteogenic differentiation of cells on hydrogels
Cell biocompatibility is widely accepted to be an essential character-
istic for biomaterials (56). Satisfied cell morphology and migration 
after hydrogel treatment are critically important for early tissue re-
generation. In the present study, the cellular behavior of rat bone 
marrow stem cells (BMSCs) was evaluated to determine the bio-
compatibility of hydrogels. Figure 6A shows the cell morphology of 
BMSCs cultured on hydrogels for 24 hours. Cells cultured on the 
control, AG, and CAG exhibited favorable cell adhesion and spread-
ing, while no noticeable cell pseudopodium was observed on BAG 
surface (Fig. 6A, a to d). The different cell morphologies indicate 
that the inorganic component significantly affected cell compatibility 
(56). CAG was beneficial for cell attachment and spreading, while 
BAG was not suitable for cell adhesion. Cell counting kit-8 (CCK-8) 
assay was used to investigate the effect of hydrogels on cell prolifer-
ation. As shown in Fig. 6B, the number of cells on hydrogels in-
creased from 1 to 7 days (P < 0.05), while the values of different 
hydrogels were similar at each time point. In addition, BAG and CAG 
showed an increased migration of BMSCs compared to that of control 
and AG (Fig. 6C). In particular, CAG exhibited a higher recruitment 
effect than that of BAG (P < 0.05; Fig. 6D). The superior cell mor-
phology and migration on CAG indicate that the electrostatically 
reinforced hydrogel has excellent biocompatibility (48). Both the 
optimal physical property and bioactivity of CAG contributed to the 
enhanced biocompatibility (42, 57). First, the interfacial bond be-
tween organic and inorganic phases endowed CAG with a suitable 

porous structure, as demonstrated in the SEM analysis (57). Cell ad-
hesion and migration were thus promoted in CAG taking advantage 
of the 3D porous structure (57). Second, the mechanical strength of 
CAG was sufficient to provide a suitable template for cell adhesion 
and migration as demonstrated in the mechanical test (46). Third, 
the inorganic NBG could exert a positive effect on cell biocompati-
bility (42). In a previous study, Zhang et al. (42) demonstrated 
that NBG with positive charges could accelerate cell adhesion and 
spreading by recruiting cells with a negatively charged membrane. 
The amino groups on NBG surface also behaved as anchor points 
for protein adsorption, which is beneficial for cell migration (42).

Alkaline phosphatase (ALP) is an early indicator of osteogenic 
differentiation (6). As shown in Fig. 6E, CAG exhibited a larger area 
of ALP staining than those of other groups at 7 days. Quantitative 
analysis of the ALP activity also showed that CAG had a higher value 
than that of other groups at both 3 and 7 days (P < 0.05; Fig. 6G). 
The enhanced ALP activity of CAG was due to its higher calcium 
release and suitable compressive strength (58, 59). A previous study 
has indicated that an increase in Ca2+ could stimulate the chemo-
taxis and ALP activity of osteoblasts (58). In addition, the suitable 
compressive strength of CAG around 66 kPa may also be a critical 
factor leading to the increased ALP activity by modulating the 
expression of the extracellular matrix ligands on stem cells, such as 
integrin ligands (59).

Moreover, Alizarin red staining (ARS) was used to determine the 
mineralization at a late differentiation stage. The greatest mineral 

Fig. 5. Immune response of RAW 264.7 on hydrogels. (A) Migration of RAW 264.7 in the transwell assay. (a) Control, (b) AG, (c) BAG, and (d) CAG. (B) Number of migrated 
RAW 264.7 normalized to control group. **P < 0.01. (C) Flow cytometry histogram of CD206 for RAW 264.7 cultured with different hydrogels. (D) Rate of positive cells for 
CD206 in RAW 264.7 cultured with different groups. (E to H) Inflammatory gene expression including tumor necrosis factor  (TNF-), interleukin-1 (IL-1), IL-6 and IL-10 
of RAW 264.7 after cultured with hydrogels for 3 days. Note: TNF-, IL-1, IL-6, and IL-10. Gene expression of cells on tissue culture plates served as the calibrator. * indicates 
statistically significant difference (P < 0.05) between groups.
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deposition was observed in CAG (Fig. 6, F and H), which is in 
accordance with the apatite-forming ability result, suggesting the 
enhanced osteogenesis of CAG (6). Gene expression test was subse-
quently conducted for runt-related transcription factor 2 (RUNX2), 
ALP, collagen-1 (COL-1), and osteocalcin (OCN) to determine the 
molecular effect of hydrogels on cell differentiation. As shown in 
Fig. 6 (I and J), the expression of RUNX2 and ALP was significantly 
higher for CAG compared with that of AG and BAG at 7 days 
(P < 0.05), confirming the increased osteogenesis of CAG at the 
early stage (6). The late marker of OCN showed nearly 7.7-fold in-
creased expression for the CAG group on day 14. A similar expres-
sion pattern was also seen in a major extracellular matrix protein, 
COL-1. It was highly expressed in CAG at both 7 and 14 days 
(P < 0.05). The elevated gene expression of CAG may be resulted 
from the bioactivity of NBG. The amino groups on NBG surface 
have been demonstrated to absorb serum proteins and growth factors, 
which could further improve HA nucleation and direct anchorage 
of bone-forming cells and ultimately induce a long-term osteogenic 
signal pathway (19).

Bone formation ability of hydrogels in vivo
Given the enhanced osteogenic performance of CAG in vitro, a rat 
cranial defect model was further conducted to detect the bone re-
generation ability of hydrogels in vivo. After hydrogel implantation, 
an inflammatory response was first induced within the body (60). A 
large number of macrophages were recruited to the defective region. 
M1 was the dominant phenotype within the first 24 hours, while a 
timely and smooth transition from M1 to M2 was necessary for the 
following bone regeneration (60). In the present study, the macro-
phage phenotype was determined by immunohistochemistry stain-
ing of inducible nitric oxide synthase (iNOS) and CD206 (61). As 
shown in Fig. 7A (e to h) and Fig. 7C, numerous CD206+ (M2) cells 
were observed at the defect site of CAG group, while M1 remained 
the dominant phase in the samples treated with BAG with higher 
iNOS+ expression [Fig. 7, A (a to d), and B]. The more noticeable 
staining of M2 marker in CAG has been confirmed to be of great 
importance in inducing an anti-inflammatory microenvironment 
and recruiting osteoprogenitor cells (60). The expression of BMSCs 
surface marker (CD44) was subsequently detected at the defect site 

Fig. 6. Osteogenic differentiation of BMSCs cultured on hydrogels. (A) Confocal laser scanning microscopy (CLSM) images of cells cultured for 24 hours [(a), control, 
(b) AG, (c) BAG, and (d) CAG]. (B) Cell Counting kit-8 (CCK-8) assay of cells cultured for 1, 3, and 7 days. **P < 0.01, ***P < 0.001. (C) Migration of BMSCs in the transwell 
assay. (Ca) Control, (Cb) AG, (Cc) BAG, and (Cd) CAG. (D) Number of migrated BMSCs normalized to control group. (E) Alkaline phosphatase (ALP) staining of cells cultured 
for 7 days. Images of (E) exhibit the same scale bar of 500 m. (F) Alizarin red staining (ARS) of cells cultured for 21 days. Images of (F) exhibit the same scale bar of 1 mm. 
(G) ALP activity of cells cultured for 3 and 7 days. (H) Quantitative analysis of cell mineralization for 21 days. (I and J) Osteogenic gene expression of BMSCs cultured with 
different hydrogels for 7 days (I) and 14 days (J). Note: Runt-related transcription factor 2 (RUNX2), ALP activity, collagen type I (COL-1), and osteocalcin (OCN). Osteogenic 
gene expression of cells cultured on AG served as a calibrator. * indicates statistically significant difference (P < 0.05) between groups.
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by immunohistochemistry staining (Fig. 7A, i to l). The expression of 
CD44 was significantly increased in CAG group (P < 0.01; Fig. 7D), 
indicating the enhanced recruitment of BMSCs. This phenomenon 
is consistent with the previous in vitro results, as shown in Fig. 6C. The 
enhanced recruitment of BMSCs in vivo may be resulted from the 
morphological structure of CAG. As mentioned in the SEM result, 
the relatively larger pores of CAG facilitate the cell recruitment and 
bone ingrowth at the defect site, accelerating the process of bone 
repairing (30).

The bone regenerative efficacy was further detected by micro–
computed tomography (CT) and histological staining. Figure 8A 
shows CT images of bone defects in the 2- and 8-week groups. 
Bone reconstruction of BAG and CAG was notably increased com-
pared with that of control and AG at 8 weeks. In particular, the 
defect of CAG group was almost fully occupied by newly formed 
bone (Fig. 8A, h). The formation of new bone was quantitatively 
analyzed by calculating bone volume/tissue volume fraction (BV/TV), 
bone mineral density (BMD), trabecular thickness (Tb.Th), and 
structure model index (SMI), as shown in Fig. 8B. CAG exhibited 
the highest BV fraction compared to those of other groups (P < 0.05; 
Fig. 8B). A similar result was also found in the BMD analysis, in 
which the mean value of CAG group was two times higher than that 
of control group at 8 weeks. The increased BV/TV and BMD of 
CAG reflected a more compact structure of the newly formed bone 
which may greatly resist external forces (62). The strength of indi-
vidual trabeculae was also determined by studying the average value of 
Tb.Th. There was no significant difference in Tb.Th among groups 
at 2 weeks, while the value of CAG at 8 weeks was higher than that 
of AG (Fig. 8B). In addition, the value of SMI represents an estima-
tion of the plate-rod property of the bone structure. A higher value 
indicates a more rod-like trabeculae structure, while the lower value 
suggests a more plate-shaped trabeculae (63). The SMI of four groups 
was between 1 and 3, implying an identical plate-rod structure (63). 

While the lower value for CAG indicates a denser structure compared 
with that of other groups (63).

Sequential fluorescence labeling was used to compare the bone 
regeneration rate of different groups (64). As shown in Fig. 8C and 
fig. S3A, defect sites with hydrogel treatment showed markedly higher 
mineral deposition compared with the control group. In particular, 
CAG exhibited the highest bone regeneration rate at all predeter-
mined time points (64). Then, hematoxylin and eosin (H&E) and 
Masson trichrome staining were applied to determine the quality of 
newly formed bone in detail at 8 weeks (Fig. 8D). The control group 
showed only a small quantity of newly formed bone at the defect 
margin (Fig. 8 D, a and b ). For the hydrogel groups, undegraded 
materials still remained at the defect site and new bone formation 
(black arrows) was mainly presented at the center of hydrogels. The 
area of mineralized bone in BAG was higher than that of AG, indi-
cating the enhanced osteoinductivity of BG (65). However, more 
mature bone originated from the margin of defects in CAG (except 
for the osteoid bone), confirming the enhanced cell recruitment 
ability of BMSCs on CAG (66). The quantitative analysis of new bone 
formation also indicates that CAG exhibited enhanced bone regen-
eration ability (fig. S3B) (64). Several factors participated in the 
healing process to promote bone regeneration of CAG (28, 46). The 
Ca-P–rich layer on the hydrogel surface was critical for the forma-
tion of a direct bond between bone and hydrogels (28). The higher 
apatite-forming ability of CAG promoted HA growth and bone for-
mation (28). In addition, a hydrogel with a stiffness of 60 kPa was 
confirmed to notably increase the BMD of newly formed bone and 
regenerate the skull defects in immunocompromised nude rats 
(46). The matched stiffness of CAG in the present study may be 
another important factor leading to the enhanced bone regenera-
tion in vivo (46).

In summary, our results have shown that improving interfacial 
compatibility between different phases in composites simply by 

Fig. 7. Cell response at an early stage in a rat cranial defect model. (A, a to d) Immunohistochemistry staining of iNOS for macrophages. (A, e to h) Immunohistochem-
istry staining of CD206 for macrophages at the defect site. (A, i to l) Immunohistochemistry staining of CD44 for BMSCs. The red arrows indicate positively stained cells. 
Images of (A) (a to l) exhibit the same scale bar of 25 m. (B to D) Quantitative analysis of positive stained area of inducible nitric oxide synthase (iNOS) (B), CD206 (C), and 
CD44 (D) for four groups. * indicates statistically significant difference (P < 0.05) between groups. **P < 0.01, ***P < 0.001.
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introducing the functionalized BG, rather than developing a new, 
complex inorganic phase can also enhance biological properties of 
composite hydrogels toward improved bone regeneration, which 
provides a convenient approach to develop novel composite hydro-
gels that can be translated to clinical applications (10).

METHODS
Materials
The BG in this study was commercially obtained from Aladdin 
(Shanghai, China). It was fabricated using a conventional melt- 
quenching method with a composition of 45% SiO2, 24.5% CaO, 
24.5% Na2O, and 6% P2O5 (in wt %), and the size of particles was in 
a range of 10 to 100 m. AG were both bought from Sigma-Aldrich 
(St. Louis, MO, USA).

Surface functionalization of bioactive glass
The amino-functionalized BG (NBG) was obtained via a post- 
synthesis procedure using (3-aminopropyl) trimethoxysilane (APTMS; 
Aladdin, China). BG (0.5 g) was dispersed in 250 ml of a 95 volume 

% ethanol solution (Aladdin, China), which was supplemented with 
5 ml of APTMS (400 rpm, 24 hours, 50°C). The amino-modified BG 
(NBG) with a cationic surface was lastly obtained by centrifuging at 
5000 rpm for 5 min and drying at 60°C overnight (29).

Fabrication of hydrogels
AG was prepared according to a previous study (17). Briefly, alginate 
[3% (w/v)] and gellan gum [3.5% (w/v)] powders were dissolved in 
a 0.03% (w/v) CaCl2 solution (Aladdin, China) followed by magnetic 
stirring at 90°C and 300 rpm for 1 hour (67). The solution was 
cooled to room temperature and further placed in 1 M CaCl2 for 
10 min to enhance hydrogel cross-linking. The matrices containing 
BG and NBG at a concentration of 1% (w/v) were prepared accord-
ing to the same method described above. The incorporation ratio of 
inorganic particles was determined by a CCK-8 and ALP test based 
on a previous study (24). The hydrogel with a BG mixing ratio of 
1% (w/v) showed a higher biocompatibility (24). The method and 
figure were shown in the Supplementary Materials (fig. S4). AG, 
BAG, and CAG denote the pure hydrogel and hydrogels including 
BG and NBG, respectively.

Fig. 8. Newly bone formation in a rat cranial bone defect model. (A) CT images of calvaria samples, (A, a to d) samples from 2-week post-surgery group. (A, e to h) 
Samples from 8-week post-surgery group. Images of (A) (a to h) exhibit the same scale bar of 1 mm. (B) Quantitative analysis of newly bone formation at 2 and 8 weeks. 
Notes: Bone volume/tissue volume (BV/TV), bone marrow density (BMD), trabecular thickness (Tb.Th), and structure model index (SMI). *P < 0.05, **P < 0.01. (C) Representative 
sequential fluorescent staining for alizarin red, tetracycline, and calcein at 1, 3, and 5 weeks. (C, a to p) Images share the same scale bar of 250 m. (D) H&E and Masson’s 
trichrome staining of samples at 8 weeks, H&E staining was shown in (D) (a, c, e, and g) and Masson’s trichrome staining in (D) (b, d, f, and h). Images of (D) (a to h) exhibit 
the same scale bar of 1 mm. Black arrows in the figure suggest the mineralized zone.
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Structural analysis
XPS (Thermo VG Scientific, USA) was first used to detect the 
amino groups presented on NBG surface. Zeta potential analyzer 
(Brookhaven Corporate Park, Holtsville, USA) was used to detect the 
interfacial interaction in hydrogels. FTIR (Thermo Fisher Scientific) 
analysis was further applied to detect the possible functional groups 
presented in hydrogels. XRD (D8 Focus, Bruker) was used to deter-
mine the crystallinity of hydrogels by Cu Ka radiation in a 2 range of 
10° to 80°. The different morphology of BG and NBG was investi-
gated by SEM (S-3400 N, Hitachi, Japan) analysis. The cross-sectional 
morphology of hydrogels was also observed using SEM. Samples were 
lyophilized and mounted onto copper studs before observation.

Equilibrium swelling and degradation test
The equilibrium swelling ratio was used to evaluate the substance 
exchange function of hydrogels (6). Lyophilized hydrogels were first 
weighed. Swollen hydrogels were obtained by immersing them in 
3 ml of phosphate-buffered solution (PBS; pH = 7.4), which were 
then weighted. The final swelling ratio of hydrogels was calculated 
using the following formula

  Swelling ratio = (Ws − Wd ) / Wd  (1)

where Wd and Ws represent the weight of lyophilized and swollen 
gels, respectively.

For the degradation test, dried samples were prepared, weighed, 
and immersed in 3 ml of PBS. After 3, 7, 14, 21, and 28 days, the 
remaining hydrogels were lyophilized and weighed. The degradation 
rate was calculated using the following equation

  Degradation rate (%) = (Wd – Wt ) / Wd × 100  (2)

where Wd and Wt represent the weight of initial and remaining dried 
gels at time t, respectively.

Ca2+ release in the cell culture medium
To identify the amount of calcium released from hydrogels in vitro, 
samples (500 l) were immersed in 5 ml of cell culture medium at 
37°C. After 1, 14, and 28 days, the medium was collected and trans-
ferred to new tubes. The calcium concentration in the medium 
was determined using inductively coupled plasma atomic emission 
spectrometry (iCAP6300, Thermo Fisher Scientific, USA).

Rheological measurement and mechanical test
A rheometer (TA Instruments Co., AR 2000ex) was used to investi-
gate the rheological behavior of different hydrogel solution. The 
effect of temperature on gel viscosity was evaluated at a frequency of 
1 Hz and 1% strain. After gelation, the mechanical strength of swollen 
hydrogels (13 mm in diameter and 6 mm in thickness) was investi-
gated by a dynamic mechanical analyzer (DMA 8000, PerkinElmer, 
USA) at room temperature. The compressive modulus was calcu-
lated from a linear fit of the stress-strain curve between strains of 
10 and 20%.

Apatite-forming ability of hydrogels
Disc-shaped specimens with 8 mm in width and 2 mm in height 
were prepared using silicon molds for the apatite-forming test. After 
immersing in the 3 ml of SBF solution (COOLABER, China) at 37°C 

for 28 days, the apatite-like layer formed on the hydrogel surface 
was observed and analyzed by SEM. The elemental distribution of 
Ca and P on the cross-sectional surface was determined by EDX 
using a system attached to S-3400N SEM.

Cell culture
Cells used in the present study included BMSCs (passages 3 to 5) 
and murine macrophage cell line RAW 264.7. The cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, USA) 
supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, 
USA) at 37°C in a humidified CO2 incubator. Hydrogels were pre-
pared with punches and sterilized by ultraviolet light for 1 hour 
before use.

Immune response of RAW 264.7 on hydrogels
The cell migration ability after hydrogel treatment was investigated 
by a transwell assay. Briefly, hydrogels (1 cm in diameter and 1 mm in 
depth) were placed in the lower transwell chamber (Costar, Corning, 
USA), and RAW 264.7 cells (1 × 104 cells/ml) were seeded onto the 
upper chamber. After 24 hours of incubation, cells passing through 
the transwell membrane were stained with 0.1% (w/v) crystal violet 
(Sigma-Aldrich). The migrated cells were observed using an optical 
microscope (Nikon, Japan) and calculated by ImageJ software 
(National Institutes of Health, Bethesda). Flow cytometry was used 
to investigate the phenotype of recruited macrophages after hydro-
gels treatment. Briefly, RAW 264.7 cells were seeded at 5 × 105 cells 
per well in 24-well culture plates. After 24 hours, cells were treated 
with different hydrogel extract or fresh medium for 3 days. The ratio 
of cells with M2 phenotype was detected by determining the expres-
sion of CD206 on the macrophage surface using flow cytometry 
(NovoCyte, Agilent). The antibodies used in this analysis were 
Alexa Fluor 647 Rat Anti-Mouse CD206 (BD Pharmingen, USA) 
and its isotype control (BD Pharmingen, USA). qRT-PCR was 
further used to detect the expression of inflammatory-related genes 
after hydrogel treatment. Total RNA was extracted from cells and 
reverse-transcribed to cDNA using the PrimeScript RT Reagent Kit 
(TaKaRa, Japan). qRT-PCR was carried out using the TB Green Kit 
(TaKaRa, Japan) on a Light cycler 480 system (Roche, Mannheim, 
Germany). The gene expression level was calculated using the 2–Ct 
method for the following genes: TNF-, IL-1, IL-6, and IL-10. The 
sequences of primers are listed in table S1.

Cell adhesion and proliferation of BMSCs on hydrogels
The cell morphology of BMSCs cultured on different hydrogels was 
determined by cytoskeleton staining. Briefly, cells were seeded on 
the hydrogels at a density of 2 × 104 cells per gel in a 48-well tissue 
plate. After 24 hours, cells were fixed and incubated with fluorescein 
isothiocyanate–phalloidin (100 g ml−1; Sigma-Aldrich, USA) for 
40 min and 4′,6-diamidino-2-phenylindole (10 g ml−1; Sigma- 
Aldrich, USA) for 5 min. The cell morphology was then observed 
using a confocal laser scanning microscope (CLSM; LSM880, Zeiss, 
Germany). Cell viability was further detected using a CCK-8 kit 
(Beyotime, China). A seeding density of 5000 cells per well in a 
96-well tissue plate was used. After 1, 3, and 7 days, CCK-8 solution 
was added to the culture plate and further incubated for 1 hour at 
37°C. The optical density (OD) of the mixture was measured using 
a Synergy HT spectrophotometer (BioTek Instruments). The migra-
tion ability of BMSCs was also detected by a transwell assay. The 
procedure has been mentioned in the section above.
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ALP activity of BMSCs on hydrogels
ALP expression was used to detect the osteogenic differentiation at 
an early stage (6). The experiment was conducted following the pro-
tocol of an ALP kit (Jiancheng Institute of Bioengineering, Nanjing, 
China). Briefly, BMSCs were seeded at a density of 105 cells/ml on 
the hydrogels. After incubation for 3 and 7 days, cells were lysed 
and reacted with chromogenic agents. The OD value at 405 nm was 
recorded and further calculated using a formula in the kit. The final 
ALP activity was normalized to the protein concentration measured 
using a BCA kit (Beyotime, Shanghai, China). For direct observa-
tion of ALP expression, ALP staining of cells cultured on hydrogels 
for 7 days was evaluated using a bromochloroindolyl phosphate–
nitro blue tetrazolium kit (Beyotime, Shanghai). The area and dark-
ness of staining were observed using an optical microscope.

Cell mineralization of BMSCs on hydrogels
ARS was used to determine cell mineralization at the late differenti-
ation stage (6). After an incubation of 21 days, cells on the hydrogels 
were fixed and stained using ARS kit (Sigma-Aldrich). The mineral-
ized nodules were observed using a microscope. Further quantitative 
analysis was conducted by eluting the deposit with 10% cetylpyri-
dinium chloride (Sigma-Aldrich). The OD value of the eluted solu-
tion was measured at 550 nm, and the result of AG group was used 
for calibration.

Osteogenic gene expression of BMSCs on hydrogels
RUNX2 and ALP are typical osteogenic genes expressed in the early 
stage, while COL-1 and OCN are typically detected in the late stage. 
In the present study, the osteogenic performance of hydrogels at a 
gene level was evaluated by detecting the expression of RUNX2, 
ALP, COL-1, and OCN. -Actin served as a house-keeping gene 
control. The experiment was conducted as mentioned above and the 
primer sequences are shown in table S2.

Surgical procedure of animal studies in vivo
Bone formation in vivo after hydrogel treatment was detected using 
a rat calvarial bone defect model. Forty-eight Sprague-Dawley rats 
(200 to 250 g, 8 weeks, male) were used in the present study and 
divided into four groups (control, AG, BAG, and CAG). The con-
trol group had cranial defects with no materials. After anesthesia, 
the rat cranium was shaved and disinfected. An incision of approx-
imately 2 cm was made along the sagittal suture of the calvarium. 
The subcutaneous tissue was bluntly dissected. Bone defects with a 
diameter of 5 mm were subsequently created on both sides of the 
parietal bone using a trephine drilling. Hydrogels with a diameter of 
5 mm and depth of 1 mm were inserted into the bone defects. The 
skin incision was closed using 4-0 silk sutures. At 3 days, 2 weeks, 
and 8 weeks after surgery, animals were euthanized. Calvarium sam-
ples were collected and fixed with formalin for 48 hours. The exper-
iment was approved by the Animal Care and Use Committee of the 
Ninth People’s Hospital affiliated to Shanghai Jiaotong University, 
School of Medicine.

CT scanning
CT analysis of specimens from 2- and 8-week groups was per-
formed using a CT (SkyScan 1076, Belgium). The scanning voltage 
and electric current were 40 kV and 250 A, respectively. The 
new bone formation was observed by 3D images of calvariums 
using SkyScan software. Further quantitative analysis of the new 

bone formation was determined by BV/TV, BMD, Tb.Th, and SMI 
at the defect site.

Sequential fluorescent labeling
A time course of bone formation was evaluated by polychrome fluo-
rescent labeling in 12 rats from the 8-week group. At 1, 3, and 5 weeks 
after operation, fluorochromes were administered intraperitoneally 
in the following order: Alizarin red (30 mg/kg; Sigma-Aldrich), 
tetracycline (25 mg/kg; Sigma-Aldrich), and calcein (20 mg/kg; 
Sigma-Aldrich). At 8 weeks after surgery, samples were harvested 
and prepared for hard tissue sectioning following a previous study 
(64). Dynamic bone formation was evaluated by observing and cal-
culating the area stained by fluorescence labels using CLSM.

Histological staining and immunohistochemistry staining
Histological regeneration of bone defects after hydrogel treatment 
was investigated by H&E and Masson’s trichrome staining. Calvariums 
in the 8-week group expect those for fluorescent labeling, were 
decalcified for 1 month, and embedded in paraffin. Sample sections 
were obtained by cutting bone defects following the coronal plane and 
then stained with H&E and Masson’s trichrome stains. Calvariums from 
3-day group were used to detect the expression of M1-macrophage 
marker (iNOS), M2-macrophage marker (CD206), and cell surface 
marker of BMSCs (CD44) at the defect site by immunohistochem-
istry staining. The sections were prepared as described for histolog-
ical staining. Primary antibody against iNOS (Abcam, UK), CD206 
(Abcam, UK), and CD44 (R&D Systems, USA) was used to detect 
the expression of iNOS, CD206, and CD44, respectively, following 
the kit protocol. The area of iNOS+, CD206+, and CD44+ regions 
were observed with an optical microscope and quantitatively ana-
lyzed using ImageJ.

Statistical analysis
All measurements are represented as the means ± SD. The differ-
ence between groups was analyzed by one-way analysis of variance 
(ANOVA) and Tukey’s post hoc test. The statistical analysis was 
conducted using GraphPad Prism software (GraphPad Software 
Inc., USA). The result of *P < 0.05 was considered to be statisti-
cally different.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7857

View/request a protocol for this paper from Bio-protocol.
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